One of the most common methods to calculate the electrochemically active surface area (ECSA) of a catalyst is to collect a cyclic voltammogram (CV) in N 2 -saturated electrolyte and measure the hydrogen adsorption charge (Q r ) in the negative-going scan after correction for double-layer charging. 1 This works for platinum because Pt has the ability to undergo hydrogen underpotential deposition (H upd ). The principle behind the H upd method is that the charge under the voltammetric peaks for hydrogen adsorption is rooted in the attachment of one hydrogen atom on each metal atom on the surface. The equation for calculating the ECSA of Pt is shown in Equation 1: 1 
EC S A =
Q r m × C [1] where m is the Pt mass loading, and C is the charge of full monolayer coverage of H atoms onto clean polycrystalline Pt (210 μC cm −2 ). This method has been validated versus CO adsorption and Cu underpotential deposition methods for measuring the Pt ECSA 2 and has been extended to other metals including Rh, Ir and Ni.
However, iridium oxide does not have access to the same mechanism for underpotential deposition of H onto its surface, which makes it difficult to determine the ECSA. This has significant practical implications because iridium oxide is a very common anode catalyst material for the oxygen evolution reaction (OER) in the proton exchange membrane (PEM) electrolyzer. The inability to measure the ECSA makes it very difficult to benchmark in situ anode catalyst performance including catalyst utilization and specific activity. In 1990, Savinell et al. 3 found area-pseudocapacitive charge correlations for ruthenium dioxide and iridium dioxide electrodes on titanium substrates using a zinc ion adsorption method. Though their method was able to correlate mass loading with ECSA and pseudocapacitive charge, they were not able to explain why the kinetic rate constant for Fe 2+ /Fe 3+ redox couple on IrO 2 was one order of magnitude below the expected value using the estimated ECSA, suggesting that the result was systems-dependent, not a universal constant. Additionally, their electrolyte solution was HCl, which does not well mimic the perfluorosulfonic acid environment of commercial MEAs. Both limitations called into question whether this method could be extended to electrocatalyst operation in state-of-the-art commercial MEAs. 3 In this work, we improve upon the Savinell method by introducing a more accurate zinc concentration detection technique, UV-Vis spectrophotometry, and performing the experiments in sulfuric acid electrolytes. We also apply the method to two distinct electrocatalyst * Electrochemical Society Student Member. 
Experimental
Before applying to IrO 2 in an operating electrolyzer MEA, the method was developed and validated on both well-defined electrodeposited surfaces and powder catalysts ex situ. The overall experimental flowsheet to determine the ECSA of IrO 2 oxygen evolution reaction catalysts is shown in Diagram 1.
Both electrodeposited IrO x and IrO x powder catalysts were prepared and physically characterized. IrO x mass loadings were determined. The electrodes were then introduced to a three-electrode electrochemical cell to collect CVs in order to calculate pseudocapacitive charge. The resulting electrodes were soaked into solutions containing zinc cations to allow zinc adsorption onto the IrO x surfaces. The true ex-situ ECSA was calculated by multiplying the surface area occupied by each zinc cation by the total number of adsorbed zinc cations, which was determined by UV-Vis spectrophotometry. Details of each step are given in the following sections. 2 thin films onto polycrystalline gold electrodes.-A 5 mm-diameter disk-type gold working electrode (Pine Research Instrumentation) was polished to a mirror finish using a 0.05 μm alumina-particle suspension (Buehler) on a moistened polishing microcloth (Buehler) and washed ultrasonically with ultra-pure 18.2 M deionized (DI) water (Millipore Direct-Q 3UV purification system) for 4 min prior to each experiment. A Pt flag and Hg/HgSO 4 electrode (CH Instruments) were used as counter and reference electrodes, respectively. The electrode was first cleaned by cycling the potential between 0 V and 1.5 V at 200 mV/s for 50 cycles in 0.5 M H 2 SO 4 (Acros Organics) to remove any surface impurities.
Electrodeposition of Ir and IrO
The electrode was transferred to a de-aerated 0. lengths of time in order to achieve different loadings. Intermediate CVs during electrodeposition were collected to monitor the growth of the Ir particles by observing the increase of the hydrogen evolution current with increased cycle number. All potentials are reported versus NHE. After Ir deposition, the electrode was washed with a copious amount of deionized water to remove surface IrCl 6 3− and IrCl 6 2− , and transferred to a 0.5 M H 2 SO 4 electrolyte saturated with nitrogen. CVs were carried out between 0.05 and 1.5 V at 200 mV/s for 50 cycles to oxidize the surface Ir to IrO x . After oxidation, the electrode was rinsed with copious DI water and dried in air.
CVs for calculating the IrO x pseudocapacitive charge were collected between 0.0 and 1.5 V in N 2 -saturated 0.5 M H 2 SO 4 electrolyte at a scan rate of 50 mV/s. Then, OER polarization curves for IrO x were collected by scanning the potential from 1.0 V to 2.0 V at a rate of 5 mV/s while rotating the disk electrode (RDE) at 1600 rpm. The current density at 1.6 V from the oxygen evolution polarization curve was used to determine the specific and mass activities of the catalyst.
Physical characterizations of electrodeposited Ir and IrO 2 thin
film.-The surface morphology of the metal and metal oxide was investigated using a FEI Quanta 250 FEG scanning electron microscope (SEM) with a field emission source and images were captured using an Everhart-Thornley SE (secondary electron) detector with an electron accelerating voltage of 20 kV, a 3.0 nm spot-size and a sample height of 10 mm. The surface elemental distribution was explored by Energy Dispersive X-ray Spectroscopy (EDS) with a Genesis Apex System from EDAX, AMETEK, Inc., using an electron accelerating voltage of 20 kV and a working distance of 10 mm. X-ray photoelectron spectroscopy (XPS) was performed using a Physical Electronics multiprobe with a Perkin-Elmer dual anode X-ray source and a Kratos AXIS-165 surface analysis system to examine the surface composition.
Adsorption of zinc cations onto IrO x catalysts.-The adsorption mechanism behind this method is essentially an ion-exchange adsorption on hydrated surfaces: water reacts with the iridium oxide surface, adding hydrogen to the oxygen atoms, and hydroxyls to the metals, resulting in a surface of metal-hydroxides, and bridging oxygens. 4 Surface complexation of the surface OH groups takes place through the release of acidity. At pH values above the point of zero charge, the surface has a net negative or anionic charge, attracting cations and promoting cation exchange reactions, including the absorption of Zn 2+ , which is shown in Equation 2. After adsorbing zinc ions onto iridium oxide, the zinc surface area can be correlated with ex-situ pseudocapacitive charge on both electrodeposited IrO x and powder IrO x catalysts, obtaining a constant similar to the conversion factor for Pt catalysts to estimate the ECSA of iridium oxide through a simple CV.
An ammonium chloride solution containing zinc cations was obtained by dissolving white zinc oxide powders (Fisher Scientific) into 0.35 M hydrochloric acid (37%, Fisher Scientific). Ammonium hydroxide (28%, Fisher Scientific) was added as the source of the ammonium ions until the pH was between 9 and 10 in order to cover the surface with anionic charge to attract cations. The resulting concentration of zinc cations was 0.045 mM. The oxidized electrode was immersed into this solution overnight to allow the zinc cation adsorption on IrO 2 to reach equilibrium.
Quantifying zinc adsorption by UV-Vis.-Because the adsorption of zinc ions onto the electrode results in very small changes in its concentration, titration 3 may not be the most reliable method to quantify the zinc ions. Therefore, the concentration change was determined by UV-Vis spectrophotometry. UV-Vis measures the ultraviolet or visible light absorbed by molecules containing π-electrons or nonbonding electrons to determine the molecule concentration in the solution.
A standard absorption intensity-zinc cation concentration curve was determined by measuring the adsorption intensities of solutions with known zinc cation concentration (pH and concentrations of other ions were kept the same). Before each test, the solutions were joined by complexing indicator Eriochrome Black-T (EBT, [1-(1-hydroxy-2-naphthol azo) 6-nitro-2-naphthol4-sulfonic acid sodium salt]). The EBT concentration was held constant at 0.005 mM greater than the highest concentration of zinc cations tested. The indicator is blue in basic solutions itself but turns pink-red when it chelates with Zn 2+ ions, turning the solutions purple. Therefore, the purple intensity can be correlated with the number of zinc cations in the solution.
After obtaining the standard UV-Vis intensity-zinc cation concentration curve, it was straightforward to find the number of zinc cations adsorbed onto the IrO 2 surface by dipping the electrode into a zinc cation solution and then detecting the intensity difference of the purple solution before and after adsorption. The ECSA of each electrode was determined by multiplying the total number of adsorbed zinc ions by 17 Å 2 per zinc ion.
3,5
Preparation of IrO 2 thin films from powder catalysts onto polycrystalline gold electrodes.-To extend the Zn-adsorption ECSA method to commercially relevant catalysts, IrO x thin-film electrodes were made from IrO x catalysts obtained from Proton OnSite. Before the film preparation, the IrO x powders were physically characterized. SEM was used to investigate the surface morphology. Nitrogen adsorption analysis was performed with a Micromeritics 2020 at 77 K and a dose of 3 cm 3 (degas at 105
• C for 12 h) to find the BET surface area of the powders. The pore size distribution of the catalyst powders were obtained from the Barret, Joyner and Halenda (BJH) method built into the ASAP 2020 V 3.04 operating software.
Preparing thin film electrodes from the IrO x powders began with preparing a 24% isopropanol solution by mixing 6 mL of isopropanol and 19 mL of DI water in a 25 mL volumetric flask. Next, 18.5 mg of IrO x powder was placed into a 50 mL volumetric flask and the 25 mL of 24% isopropanol solution was added. Finally, 100 μL of 5 wt% Nafion ionomer DE-520 (DuPont) was added to the IrO x /isopropanol solution, resulting in an ionomer:catalyst ratio (wt) of 5:1. The catalyst 'ink' was then placed in an ice bath and sonicated for 30 minutes. Droplets (20-40 μL for different mass loading) of the dispersed ink were pipetted onto the mirror-finish gold electrode so that it completely covered the gold electrode. The ink droplet was dried in air at room temperature under rotation at 300 rpm for 30 minutes, which yielded a black thin film that homogeneously covered the entire surface of the electrode. The catalyst loading on the electrode was 0.075-0.15 mg/cm 2 . In order to fully oxidize the catalyst surface, CVs were carried out between 0.05 and 1.5 V at a scan rate of 200 mV/s for 50 cycles, identical to the electrodeposited IrO x in Electrodeposition of Ir and IrO 2 thin films onto polycrystalline gold electrodes section. 2 ECSA calculation.-The IrO x anode CVs were conducted using Fuel Cell Technologies hardware modified for electrolysis. The graphite flow field and the gas diffusion layer (GDL) on the oxygen evolution side of the cell were replaced with a titanium flow field and titanium GDL for stability at high potentials. Catalyst coated membranes with 25 cm 2 active area were provided by Proton OnSite. The cathode material was Pt black and the anode material was IrO x . The weight ratio of ionomer (5 wt% Nafion dispersion) to catalyst was 1:1. The single-cell tests were carried out at room temperature with fuel supply control through a Teledyne Medusa RD fuel cell station (Teledyne Energy Systems, Inc.). CVs were obtained with a Solartron SI 1287 Potentiostat. The electrolyzer was operated by circulating excess N 2 saturated ultrapure water through the anode side of the cell with a small pump, and feeding the cathode side with 100% humidified hydrogen at 0.5 L/min.
MEA preparation and IrO

Results and Discussion
Electrodeposition of Ir and IrO 2 thin films onto polycrystalline gold electrodes.-Sawy et al. studied the effect of potential on Ir electrodeposition on gold substrates in H 2 IrCl 6 solution. 6 They observed the maximum deposition rate (measured by in situ quartz crystal microbalance) was achieved from 0.1 V to 0.2 V because the rate-limiting step leverages H upd as the reducing agent for IrCl 6 3− to metallic Ir. They also found that the current efficiency of Ir electrodeposition is close to 100% at 0.2 V when the H 2 IrCl 6 concentration in solution is ≤0.05 mM. The insight from these findings guided the Ir deposition bath in this work; the deposition potential was set at 0.2 V, and the H 2 IrCl 6 solution concentration was 0.04 mM.
The chronoamperometric response of the working electrode during Ir deposition is shown in Fig. 1a . The successful deposition of Ir onto the gold electrode is evident by the increasing hydrogen evolution and oxidation current from CVs (Fig. 1b) collected intermediately during the deposition, because the gold is a very poor hydrogen evolution catalyst in acid media as shown in the CV in Fig. 1c . After cleaning the deposited Ir surface with copious DI water, the surface Ir was oxidized to iridium oxide in 0.5 M H 2 SO 4 electrolyte by sweeping the potential up to 1.5 V. The oxidation of Ir was accompanied by appearance of two characteristic redox peaks at 0.9 V and 1.4 V as well as the decreasing current density of the hydrogen adsorption/desorption at low potentials with increased cycle number, which are shown in the CVs in Fig. 1d .
Physical characterization of electrodeposited Ir and IrO x thin
films.-The as-electrodeposited metallic Ir surface was silver in color and had a near mirror finish. The morphology of this surface was observed under SEM, Fig. 2a . The surface had a high density of irregular surface defects around a few hundred nanometers and many smallersized pores with a diameter of approximately 50 nm. The yellowish oxidized IrO x surface in Figs. 2b and 2c showed that there were pores approximately 100∼300 nm in diameter caused by surface cracking and defects, and other deep pores around 50 nm in diameter. This semiporous structure led to linearly increased surface area with increased IrO x loading.
The approximate elemental composition was found by EDS. Fig. 2d showed the surface of IrO x with adsorbed zinc ions. From  Fig. 2e (EDS map for Fig. 2d) , it can be seen that iridium and oxygen were homogeneously distributed. Significant zinc could also be seen in the area, even after a thorough cleaning with DI water, showing that Zn was very strongly adsorbed on the surface.
The composition of the IrO x surface was investigated by XPS. The high-resolution spectra for Ir 4f in Fig. 3 were calibrated to the graphite C 1s peak at 284.6 eV. The Ir 4f spectra were deconvoluted into two doublets (four peaks). The binding energies of the first deconvoluted doublet peaks (green and purple lines, respectively) corresponded to that of the Ir 4+ 4f 5/2 and Ir 4+ 4f 7/2 . The second doublet at lower binding energy (orange and blue lines, respectively) was consistent with metallic Ir 4f 5/2 and Ir 4f 7/2 . Approximately 28 atom % of the near surface Ir in the thin film existed in the Ir 4+ state with the balance being Ir. The penetration depth of the XPS X-ray probe is 8-10 nm, which is approximately 23 atomic layers. The electrolyte is only exposed to the outmost layer. Therefore, the oxidation of the bulk relies heavily on oxygen solid-state diffusion and it is most likely that the near surface Ir was nearly completely oxidized to IrO 2 , but the bulk was not.
Relationship between the electrochemically active surface area and pseudocapacitive charge for electrodeposited IrO x thin films.-The standard UV-Vis intensity-Zn 2+ concentration curve is plotted in Fig. 4a . The Zn 2+ concentration range for the standard curve was 10 −6 -10 −5 M. As expected, the amount of absorbed light proportionally decreased with an increase in the zinc concentration. The standard curve provided a reliable way to estimate the quantity of zinc ions adsorbed onto the metal oxide surface by detecting the intensities of the zinc/EBT solution before and after the electrode was immersed.
The pseudocapacitive charge of each catalyst was determined by integrating the CV from 0.3 V to 1.25 V and dividing by the scan rate of 50 mV/s. [7] [8] [9] The mass loading was determined by integrating the deposition curve (Fig. 1a) . The pseudocapacitive charge has been shown to be a useful relative measure of the active surface area of iridium oxide. 10 The correlation of zinc surface area with pseudocapacitive charge and zinc surface area with oxide loading are shown in Figs. 4b and 4c, respectively. The linearity of the ECSA vs. loading plot showed that the bulk and surface structure of the electrodeposited electrode remained similar. The correlation of ECSA vs. charge showed the potential promise to find a constant for the IrO 2 system similar to the conversion factor [11] [12] [13] in calculating the ECSA of Pt electrocatalysts. The ECSA-charge and ECSA-loading correlations for the electrodeposited IrO x films were 1776 (±46) cm 2 /C and 34.2 (±1.3) m 2 /g, respectively. Additionally, the current density at 1.6 V from the OER polarization curve (Fig. 4d ) was used to determine the specific and mass activities of the electrodeposited IrO x catalyst, which were 0.477 (± 0.012) mA/cm 2 and 163 mA/mg, respectively.
Physical characterization of IrO x powder catalysts.-As-received IrO x powders were observed under SEM and are shown in Figs. 5a and 5b. A single IrO x particle size around 100 nm in diameter was observed. Most of the particles existed as agglomerates with the diameter around a few hundred nanometers. The pores between agglomerates ranged from tens to several hundreds of nanometers. In order to obtain an accurate pore size distribution and BET surface area, nitrogen adsorption was performed. The pore size distribution of these particles is shown in Fig. 5c . The majority of the pores were mesopores from 2∼50 nm in diameter, which are most favorable in electrochemical systems, not only because they are large enough to be accessible to electrolyte and reactants but small enough to significantly increase the surface area of catalysts.
14 Less than one third were micropores, which are not typically electrochemically accessible. 15 The cumulative surface area plot, Fig. 5d , showed that the mesoporous and macroporous surface area was about 46.6 m 2 /g, 71% of the total BET surface area (65.6 m 2 /g).
Extending the IrO x ECSA method to in situ powder catalysts.-The as-received IrO x powders were mixed into an ink to be dispersed onto Au disk electrodes. The catalyst layers were oxidized by CV between 0.05 and 1.5 V (Fig. 6a ) in 0.5 M H 2 SO 4 . Then, the electrodes were treated identically to the electrodeposited IrO x electrodes to obtain the ECSA vs. charge and ECSA vs. loading correlations.
Figs. 6b and 6c show the correlations of the zinc surface area with pseudocapacitive charge and mass loading of the powders, 1663 (±97) cm 2 /C and 34.8 (±1.3) m 2 /g, respectively. These are comparable to the values of the electrodeposited samples. The ECSA was 34.84 m 2 /g, 53% of the total BET surface area (65.6 m 2 /g) and 75% of the mesoporous and macroporous (expected electrochemically accessible) area, which may be caused by poor infiltration of the electrolyte into relatively deep pores. The specific and mass activities of the in situ powder catalyst were also similar to the electrodeposited samples, though slightly lower, 0.418 (±0.024) mA/cm 2 and 145 mA/mg, respectively.
It should be noted that both the ECSA-charge and ECSAloading slopes for the powdered film were close to those of the electrodeposited IrO x film, despite the facts that considerable differences existed in the loading and material morphology. This suggests that a universal ECSA-charge constant may exsit for polycrystalline IrO x in sulfonic acid systems. Therefore, the data from the powder and electrodeposited IrO x was combined (Fig. 6d) , yielding a "universal" ECSA-charge constant for IrO x of 1681 (±60) cm 2 /C (or 596 (±21) μC/cm 2 , to be consistant with Pt upd convention). The experimental correlation above was validated by comparing the electrokinetic parameters of the ferrocyanide/ferricyanide (FEFI) redox couple for both a polycrystalline platinum disk and the IrO x powder electrodes. The FEFI redox couple was selected because it is a simple outer shell electron transfer, which means facile kinetics where the base metal should have minimal influence on the observed activity. This means that one would expect the kinentic rate constant and the transfer coefficient for the FEFI to be very close to one another for the Pt and IrO x materials if true ECSA was determined.
The linear sweep voltammogram for the FEFI was collected at 1600 rpm at 5 mV/s in N 2 saturated 0.01 M K 3 Fe(CN) 6 , 0.01 M K 4 Fe(CN) 6 cm/s, was close to literature value, 4.7 (±0.07) * 10 −3 cm/s. 16 The rate constant based on the calculated IrO x ECSA, 4.20 * 10 −3 cm/s, was very close to the Pt disk value, though differences existed on the electrode surfaces. Also, the transfer coefficients for the reduction of Fe(CN) 6 3+ for the Pt disk and IrO x electrodes were nearly identical, 0.312 and 0.338, respectively, and reasonably close to the literature value, 0.23 ± 0.03. 16 The expected similarity of the Pt and IrO 2 FEFI rate constants further demonstrated the improvement of our method over Savinell's study. Since the measurment must quantify an essetially infinitesimal concentration change ( μM), the measurement sensivity is very important. For UV-Vis, the sensitivity is mostly machine-dependent and the method can easily detect the color change related to concentration in this work. However, the error in titration experiments is mostly human-based and even small variations in determining the end point for the color change from blue to pink can yield large differences in the measured Zn adsorption. In addition, Savinell's work used HCl to measure the FEFI rate constants and transfer coefficients though
